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[57] ABSTRACT

This invention relates to multi-shaft screw extruders in

which the screw shafts are arranged.to intermesh in
pairs and rotate pairwise in the same sense, each shaft of

a pair having at least one double threaded or triple
threaded pressure build-up section corresponding to
that of the other shaft. This invention also relates to a
method of using such an extruder to build up pressure
within a material with a minimum pressure build-up
section and a minimum power input. The extruder and
its method of operation are characterized by the fact

that at least a portion of the pressure build-up section
satisfies
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wherein ¢ is the screw pitch, d is the internal diameter of
the housing, ¢ is the volumetric throughput of material
of a screw pair and # is the speed of rotation of the

screw shafts and:
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wherein in triple thread pressure build-up sections
A = 0.1082; |

a = 15.316;
b = 69.111;
and
¢ = 261.85
and in double thread pressure build-up sections
A = 0.206;
a = 8.8212;
b = 18.414;
and
¢ = 31.668.

2 Claims, 7 Drawing Figures
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METHOD OF BUILDING UP PRESSURE BY
MULTI-SHAFT SCREW EXTRUDERS

FIELD OF THE INVENTION

This invention relates to a method of building up
pressure within a material using a multi-shaft screw

extruder in which the screw shafts are arranged to inter-
mesh in pairs and to rotate pairwise in the same sense,

each shaft of a pair having at least one double threaded

10

or triple threaded pressure build-up section correspond-

ing to that of the other shaft.

The term “extruder” comprises not only extrusion
screw machines but all suitable kinds of screw ma-
chines, i.e. such as screw machines for reacting, evapo-
rating, mixing, compounding, melting, crystallizing,
kneading, expelling and expanding.

BACKGROUND OF THE INVENTION

Multi-shaft screw extruders of this kind, e.g. those
described in literature references (1,2), German Pat. No.

862,668 and German Pat. No. 1,111,154, frequently
have sections which act as flow resistances against the
axial flow through the machine. Such resistances have
been described, for example in (3) and U.S. Pat. No.
3,122,356. They may be equipped, for example, with
kneading discs (4), various forms of which have been
discloses e.g. in German Pat. No. 813,154 and German
Pat. No. 940,109. Kneading block (4) composed of sev-
eral kneading discs set at various angles have been de-
scribed in German Pat. No. 813,154 and so called brak-
ing screws (5) in German Pat. No. 949,162. These are
sections of the screw in which the material is urged to
flow in the direction opposite to the spontaneous direc-
tion of transport of these sections of screw (6,7). Other
flow resistances consist of screw sections in which the
throughput of material is in the same direction as the
spontaneous transport of this section of the screw but
greater than the normal, unrestricted flow (6,7). -
Such sections within an extruder, or such elements
arranged in it, fulfill widely differing functions, for
example, melting, mixing, dispersing, plasticizing,
breaking up of dye agglomerates in highly viscous
melts, wetting, distribution (3), local supply of large
quantities of energy by producing shearing and fric-
tional forces in the material, kneading or damming up
for example so as to ensure that the entire cross-section
of the screw extruder is completely filled up for the
purpose of blocking off various pressure stages, €.g. in
evaporator screws. The shaping tool usually provided
at the end of an extruder also acts as a flow resistance.
All these various flow resistances, which have been
mentioned here merely as examples, cause a drop in
pressure in the direction of flow through the extruder,
and this pressure drop must first be built up by pressure

build-up sections situated upstream of the resistances.
It is an object of this invention to optimize, i.e. to find

the best possible design from a geometrical and energy
exchange point of view, for such pressure buld-up
zones which must be provided in front of every flow
obstruction in multi-shaft screw extruders in which the
shafts intermesh and rotate in pairs in the same sense.
Theoretical investigations are known which deal with

similar problems in single screw extruders. G. Schenkel
(8,9), for example, deals with energy optimized melt

extruders, i.e. single screw extruders charged with melt

and used for discharging and shaping the melt. For
these extruders, G. Schenkel describes in particular the
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2

correct choice of the speed of revolution and of the
depth of thread.

O. Armstroff and H. D. Zettler (3) deal with

the present state of the art of optimizing multi-
shaft screw extruders which have intermeshing screw

shafts rotating in the same sense. To quote: “Such ad-
vantageous arrangements of screws can at present be
achieved only by trial and error and that actual experi-
ence described here provide a valuable but not suffi-
cient basis-and guide line for the design of screws. An
optimum design is generally obtained only after re-
peated re-construction which invaviably entail produc-
tion stoppages so that added to the cost of re-construc-
tion are the cost due to production losses.” It is also
indicated in (3) how the known methods of calculation

employed for single screw extruders (10 ) can be applied
in a simplified form to the much more complicated

configuration of flow found in intermeshing double
screw extruders with both screws rotating in the same
sense. This method of calculation is restricted to deter-
mining the “length of backlog,” that is to say the length
of product filled section of the screw in which pressure
is built up in front of the above-mentioned flow resis-
tances. When the calculated pressure build up lengths
are compared with the experimentally determined
lengths also reported (3), the correlations are not satis-
factory. It is also said in (3) that “the possibility of trans-
ferrmg this method to other productlen machines still
remains to be tested.”

German Offenlegungsschrift No 2,236,902 deals with
the problem of de31gnmg the pressure build-up zones in
front of flow resistances in double screw extruders with
intermeshing screws rotating in the same sense with a
view to “ensuring low energy dissipation.” As means
for achieving this, the said German Offenlegungsschrift
describes singly thread or double thread “close mesh-
ing” trapezoidal screw profiles with a ratio of screw
pitch to external diameter of screw of 0.2 to 1.5 for the
pressure build-up sections, in contrast to the screw pro-
files conventionally used in these extruders, which are
frequently triple thread, close meshing and scraping,
e.g. as described in German Pat. No. 862,668. Apart
from the fact that trapezoidal profiles in double screw
extruders in which the screws rotate in the same sense
are kinematically unable to mesh closely and would,
therefore, appear to be less suitable as means of building
up a pressure on account of the greater amount of back-
flow due to leakage, the trapezoidal profiles claimed in

the said document are constructed with very wide

screw ridges so that the product located there would be

subjected to high shearing stress. It therefore appears
questionable whether the desired object of exception-

~ally low energy dissipation eould be achieved with the

means claimed.

SUMMARY OF THE INVENTION

According to the invention, there is provided a multi-
shaft screw extruder and a method of building up pres-
sure within a material using this multi-shaft screw ex-
truder which has a plurality of screw shafts arranged to
intermesh in pairs and to rotate pa1rw13e in the same

sense, in which each screw shaft of a pair has at least

one double thread or triple thread pressure build-up

section corresponding to that of the other screw shaft,
wherein the pressure build-up sections have at least in

part a ratio of screw pitch ¢ to internal diameter of
housing d within the range given by the following rela-
tionships:
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where ¢ is the volumetric throughput of material of a
screw pair and n is the speed of rotatlon of the screw
shafts and:

{f h
(.

A

._CL)=_._...
h/d

n - d3

| o
b_(#j.‘.c.(—ﬂ——
n-d3 n.ds

wherein in triple thread pressure build-up sections
A=0.1082 |
a=15.316;

- b=69.111;

and
c=261.85 | |

and in double thread pressure build-up sections
A=0.206 '

a—28.8212:

b=18.414;
and

c=31.668.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 s a plot of the screw pitch to internal housing
diameter ratio (¢/d)
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versus the non-dimensional 40

throughout coefficient (¢/nd?) for optimum operating

conditions of triple thread pressure build-up sections.
FIG. 2 is a plot of the optimization area of (t/d) versus

(g/nd?) for triple thread pressure build-up section and

also a plot of the experimental condltlons of Examples 3
to 3.

FIG. 3 is a plot of (t/d) vVersus (q/nd3) for optimum
conditions and the area of optimization for double
thread pressure build-up sections. In addition, it also

6.
FIG. 4showsa double screw extruder 1N Cross sectlon
and |

screw extruder in synopsis of the screw extruder of
FIG. 4.

FIG. 6 shows a double thread, double screw extruder
in Cross section.
- FIG. 7 shows a longitudinal section of the doubke
thread, double screw extruder in syn0p51s of the screw
extruder of FIG. 6.

In the Flgures the symbols used have the following
meaning:

FIG.1

0 = Minimum pressure bulld up length L
e = Minimum driving power P

shows a plot of the experimental conditions of Example -

FIG. 5 shows a longitudinal section of the double
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FIG. 2

+ x = Operating points for the large SCrew extruder
of Example 3
+ 1,2 = Operating state€s requiring optimization

x 3,4 = Substantially improved operating states

- 0 ¢ = Operating points for the screw extruder of

Examples 4 and 5 _
o A, C, E = Operating states requiring optimization
*B, D = Optimized operating states

- FI1G. 3

o » = Operating points for the screw extruder from
Example 6 | |

o II, III = Operating states requiring optimization

o] = Optimized operating state

DETAILED DESCRIPTION OF THE
INVENTION

For optimizing the above-mentioned pressure build-
up zones, two major questions arise:
1. How can these zones be made as short possible?

This question practically always arises because the
high quality multi-shaft screw extruders described
above are always used to perform numerous operational
steps along their length.(3). It is then necessary either to
make room for new process steps in a given machine by
reducing the length of the individual process zones, in

other words also the length of the pressure build-up
zones, so that even better use can be made of the given
total length, or to leave the length of the pressure build-

up zones unchanged but improve their capacity for
building up pressure so that the rate of product output

~ in the machine as a whole can be increased. Whereas the

two last mentioned motives are connected with opera-
tionally optimizing screw extruders already available, it
is of course desirable when designing new screw ex-
truders for a specifted task to minimize the total expen-
diture on the machine and, therefore, also the length of
the pressure build-up zones.

2. How can the above-mentioned pressure build-up

zones be made as efficient as possible from the pomnt

-~ of view of energy comsumption
It should be mentioned here that screw extruders,
which are usually employed for extremely viscous sub-
stances, by the very nature of their task require high
mechanical driving power and this mechanical energy
is to a large extent dissipated in the viscous material by
internal friction, shearing and kneading forces. When
this happens, the material also heats up in the pressure
build-up zones and only a small proportion of the me-
chanical energy can be utilized for the pumping action
itself (= volumetric rate of throughout x pressure build
up). - This heatmg up by internal friction i1s advanta-
geously utilized in certain processing steps of the screw
as an effective method of producing a localized intense
supply of energy. If, however, the product has already
been heated to.the limit of its thermal stability in the
process steps it has already passed through in the screw
and if it must pass through a pressure build-up zone
while in this state, for example at the end of the extruder
before reaching a shaping tool, it is very important to
build-up the necessary pressure with as little energy

‘dissipation as possible, that is to say with maximum

build up of pressure and minimum driving power, par-
ticularly since the possibilities of cooling are very lim-
ited in such highly viscous materials. The minimization
of energy consumption in the pressure build-up zones is
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thus motivated partly by the specified properties of the
material (the extent to which ‘it can stand heat) and
partly, of course, by the desire to reduce the mechanical
driving power required. |

The screw extruders under discussion here, which 5
have intermeshing screw shafts rotating pairwise in the
same sense, normally have relative radial screw clear-
ances between the crest of the screw and the wall of the
housing between 0.001 to 0.015, depending on the mate-
rial of which the extruders made, and relative clear- 10
‘ances between the two screw shafts of a pair, in other
words between the crest of the thread on one shaft and
the base of the thread on the other, of between 0.002
and 0.025, based in each case on the internal diameter of
the screw housing. Furthermore, multi-shaft screw ex- 15

truders of this kind have a given axial distance between
 the screw shafts, which is determined by the transmis-

sion. Since the screws are generally arranged with their
axes parallel to each other and it is normally desired to
retain the closely meshing effect, in other words the
selfcleaning effect, over the entire length of the screw,
the depth of thread cannot easily be varied along a
screw shaft because the external diameter and root di-
ameter of the screw shaft would then have to be varied
at the same time, which in practice would require re-
construction of the housing. The depth of thread there-
fore cannot be used as a variable for optimizing any
zone of the machine. By contrast, in single shaft screw
extruders it is the depth of thread which is the decisive
optimizing parameter (8,9). Although the ratio of depth
of thread to internal diameter of the housing varies
within the series of models of multi-shaft screw extrud-
ers, e.g. in extruders with triple thread screw shafts it
varies substantially between 0.06 and 0.13, the ratio is
normally constant within a given machine. The screw
pitch on the other hand, can be varied more easily in the
multi-shaft extruders described here, and even commer-
cially available standard models are equipped with sets
of interchangeable screw elements (3,4). Screw sets are
normally supplied in the form of an assembly kit of 40
replaceable elements which normally have a ratio of
screw pitch to internal diameter of the housing of be-
tween 0.4 and 1.7. The screw pitch i1s therefore the
essential parameter for optimizing such a machine.

The inventive knowledge that a preferential ratio of 45
screw pitch ¢ to internal housing diameter d could be
used as optimization criterion for the pressure build-up
sections 1n multi-shaft screw extruders was found to be
confirmed by experiments carried out on a triple thread
two shaft extruder. This machine had a ratio of depth of 50
thread to internal housing diameter of 0.1082. This is
illustrated in FIG. 1 of the drawing where the experi-
mentally determined optimum ratio ¢/d 1s plotted
against the non-dimensional throughout coefficient
g/nd3where ¢ is the volumetric throughout of the prod-

uct for a pair of screw shafts, » is the speed of rotation
of the screw shafts and d is the internal housing diame-

ter of a bore.

For a given pumping task, 1.e. a given build up. of
pressure at a given point in the extruder, characterized 60
- by given values for the pressure build up Ap, the dy-
namic viscosity m, the volumetric throughput q, the
speed of screw rotation n and the internal diameter of

screw housing d, the length of pressure build-up zone L
required to perform this taks varies according to the 65

screw pitch and passes through a minimum, or in other
~words an optimum since it 1s desired to obtain short
pressure build-up pressure build-up zones. There is thus
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6
a particular ratio ¢/d which the pressure build-uo length
is at a minimum. The optimum pitch ratio ¢/d for obtain-
ing a minimum length of pressure build-up zone is, how-
ever, not generally applicable but depends on the
throughout coefficient g.nd3 which characterizes the
state of flow. In FIG. 1, this experimentally determined
relationship 1s represented by the symbol o. The.opti-
mum pitch ratio of ¢/d is independent of the height of
pressure required to be built up and independent of the
viscosity of the product. |

On further investigation of optlmlzatmn criterion
defined above, it is also found that for a given pumping
task defined by Ap, ¢, 1, n and d, there is a particular
pitch ratio ¢/d at which the driving power p required in
this pressure build-up section is at a minimum. This was
confirmed be experiments with varying pitches. This
particular pitch ratio ¢/d which is optimum in the sense
of producing minimum energy requirement, is again
independent of the pressure required to be built up and
of the viscosity. It depends solely but decisively on the
throughput coefficient q/nd3 This relationship con-
firmed by experiments is entered in FIG. 1 with the
symbols e.

Now it is particularly surprising that, as can be seen
from FIG. 1, the minimization of the energy require-
ment P and the minimization of geometric dimension L
both lead to practically the same optimum pitch ratio
t/d and this high correlation is maintained over the
whole range of values for g/nd? which is significant for
practical purposes. The following mathematical equa-
tion can, therefore, be given as the essential, single solu-

tion which is valid both for the geometric and the en-

ergy aspects:

| . . r 2
= 15.316 . [ ==L— |- 69.111 . [ —Lomw
(t/d)epr 15 316 ( - d3 ) 2 . d3 +

- -—L ——r . L
261.85 (n-d—" ) fl( - )

The graph of this equation is shown as a continii(jus

curve in FIG. 1.
In practice, when optimizing the pitch, one is re-

stricted to certain standard measurements so that it is
not possible to realize every numerical value for ¢ ob-
tained from the above formula or from FIG. 1. An
optimization area is therefore given below. It is repre-

_ sented by the shaded area in FIG. 2 on either side of the

graph representing the above equation and is bounded
by the two following limiting curves.

Lower limit curv | d = 0.7 - f (—‘f— )
n.d

Upper limit curve: -:;,— = 1.8 - fj (—q——)
n-d
Another reason why the shaded optimization area is
given in FIG. 2 is that, as already mentioned above, In

this type of multi-shaft screw extruder with triple

thread screws, the ratio of depth of thread to the inter-
nal diameter of the housing varies from about 0.06 to

0.13. The solution according to the invention was found

by experiments on a screw extruder of the type men-

‘tioned above with a ratio of depth of thread to diameter




7 -
of h/d = 0.1082 (see Examples 1 and 2) so that the
graph in FIG. 1 and the above mathematleal functlon

for f; apply to this ratio of #/d. |
- The optimization area in-FIG. 2 applies partlally to

other ratios of depth of thread to diameter within the

range given above, i.e. about 0.06 to about 0.13 the
smaller values for ¢/d in this area being preferable for
larger relative depths of thread h/d and the larger val-

ues for t/d being preferably for smaller relative depths
of thread. This is considered and made precise in the
mathematical equation by using f instead of f; wherein

(455 )2 1(75)
Of course in view of the above mentioned reasons for all

h/d ratios there are also necessary optimation areas,
which are defined by the following limiting curves:

0.108
h/d

lewer limit curve: -;,— = 0.7 . f(-f'T _‘l;_)
N - R
upper limit curve: -;— = ].8 f(-g— . _ﬂdf‘_
'y

In practice of course the whole pressure build up Zone

should hve the Optlmum pitch as it is shown in the

Examples. Therewith is achieved the highest advan-

10

15

20

4,040,607

8

of the pressure build-up zone is required to be mini-
mized in accordance with the optimum ratio of ¢/d.

The non-dimensional throughout coefficient g/nd3 is
in this case 0.072. The optimum screw pitch ratio ¢/d
obtained from FIG. 1 or with the aid of the above equa-
tion for f,is therefore 0.842, in other words the optimum
screw pitch ¢ is 45 mm. When using the screw of this
pitch, the required pumping operation could be carried
out with a measured pressure build up length L. of 230
mm. The other elements with different screw pitches
supplied with the commercial screw assembly boxes for -
this extruder were also tested for this problem. The
following pressure build up lengths were found: at 1 =
30 mm, in other words smaller than optimum pitch, L
— 330 mm; at ¢t = 60 mm, L = 245 mm and at £ = 90
mm, L. =300 mm. The example shows that both larger
values and smaller values than ¢ = 45 mm resuit In
larger, i.e. geometrically less advantageous values for
the pressure build-up length, and we, therefore, have
here a true case of optimization. It is clear from the

~ example that when. conventional pitches which are not

25

30

tage. Nevertheless it is evident that it is already of ad-

vantage compared with the prior art if only a smaller

part of the pressure build up zone is suppled with the

optimum pitch.

In FIGS. 4 and 5 are shown where the geometrical
data d (diameter), 4 depth of thread) and ¢ (pitch) are
measured. In FIGS. 4 and 5 the screws are triple thread

35

screws. For double thread screws 7, in FIG. 5, is one

thread less.

FIGS. 6 and 7 show where the geometrical data d
(diameter), & (depth of thread) and ¢ (pitch) are mea-
sured for a double thread screw extruder.

The practical application and effect of the solution
according to the invention are illustrated in the follow-
ing Examples, which also prove the validity of the solu-

45

tion for widely differing sizes of screw extruders and

widely differing viscosities and temperatures
The invention is further illustrated, but is not intended
to be limited by the following examples.

EXAMPLE 1

Silicone oil with a viscosity 1 of 104 poises at 20° C is
required to be transported at a volumetric rate of ¢ =

39.5 I/h against a pressure difference of Ap = 2.0 bar

through a two shaft screw extruder with intermeshing
“triple thread screw shafts rotating in the same sense at a
speed of n = 60 rev/min. The internal diameter d of the
extruder housing is 53.4 mm, the distance between the

axes of the two screw shafts is 48.01 mm, and the depth *

of thread A4-is 5.78 mm (measured from the base of the

50

55

screw channel to the intermal diameter of the housing),

in other words the ratio 2/d is 0.1082, the radial screw
clearance between the crest of the screw thread and the

wall of the housing is 0.225 mm and the clearance be-
tween the two screw shafts, in other words between the
crest of the thread on one shaft and the base of the
screw channel on the other is 0.615 mm. The length L

65

with an internal diameter of d =

ence of Ap

optimal for this case are used, pressure build-up zones
up to 43% longer are required.

- EXAMPLE2

The pumpmg operation described in Example 1 is
required to be performed in the two shaft screw ex-
truder described in Example 1, but in this case with the
smallest possible driving power. According to the in-
vention, given the same throughput coefficient g/nd? =
0.072 as in Example 1, the optimum pitch ratio ¢/d for
achieving minimum energy output is again 0.842 in

" other words the optimum pitch ¢t = 45 mm is the same

as for geometric optimization. When this pitch was used
for the pumping operation mentioned above, the net
driving power P was found to be 27 W. The following
net values for driving power were found when the
other conventional screw pitches were also treated
experimentally: at f = 30 mm, P =40 W; at = 60 mm,
P =28Wandatt = 9 mm, P = 34 W Example 2
shows that when the problem is viewed from the point
of view of energy consumption, there is again a true
case of optimization since higher driving powers by up
to 48% are required both for larger and smaller values
than ¢ = 45 mm. -

EXAMPLE 3

In the followmg example, the method aecordmg to
the invention, which was found with the aid of the small
screw extruder described above and using moderately
viscous silicone oils at room temperature, 1s applied to a
very large screw extruder and a highly viscous syn-
thetic resin melt at a temperature far above 300° C.

. A screw extruder havmg two intermeshing triple
thread screw shafts rotating in the same sense, housing
162.4 mm. an axial

distance between the two screws shafts of 146 mm and

a depth of thread of & = 16.5 mm (measured from the

base of the screw channel to the internal diameter of the
housing), in other words a ratio of A/d = 0.1016, is
required to transport a hot polycarbonate melt (temper-

~ature about 335° C, dynamic viscosity 6,300 poises at

300° C) at the end of a process against a pressure differ-
= 60-70 bar at a mass flow of about 1000 kg
per- hour with the screw shafts rotating at a speed of
about n = 160 rev/min. The most important problem 1s
to keep the outflow temperature of the melt from the
extruder as low as possible owing to the risk of thermal
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damage to the product and for this reason to consume as
little energy as possible in the pressure build-up section
in accordance with the energy optimization criterion,
i.e. to operate the section with the smallest possible
driving power. The data for this optimization example
are summarized in the following table:

Operating

state

No. 1 2 3 4
Screw pitch (mm) 120 180 90 90
Pitch ratio t/d 0.739  1.108 0.554 0.554
Melt output (kg/h) 1010 1040 1020 1200
Screw speed n (rev/- 158 160 162 173
Throughput min)

coefficient q/nd’ 0.0249 0.0253 0.0245 0.0270
Pressure

difference A p (bar) 69 67 59 67
Pressure

build up |

length L (mm) 465 610 310 370
Melt outflow | -
temperature (" C) 370 378 362 366

The non-dimensional throughput coefficient ¢/nd?
was obtained from the melt density of 1.0 kg/dm?3 found
at these temperatures. The pressure difference Ap and
pressure build up length L. could be determined by
means of several pressure gauges within the pressure
build up zone. The melt extrusion temperature was
measured very carefully, taking several readings at
different times and at different positions. Although the
local driving power in the pressure build-up section
could not be measured, the melt extrusion temperature
1s a direct reflection of the energy relationships. |

The operating states 1 to 4 are entered in FIG. 2 as the
point of paired coordinates ¢/d and ¢/nd3 (numbered 1
to 4, respectively). Operating states 1 and 2 clearly lie
outside the shaded optimization area, therefore, require
optimization. On comparing the above table with FIG.
2, 1t 1s seen that the worst operating state (No. 2) which
has the longest pressure build-up zone and the highest
melt extrusion temperature, is also furthest removed
from the solution according to the invention. The
method according to the invention was applied to ob-
tain the operating state 3 (see FIG. 2) and in fact the
pressure butld-up length of 310 mm obtained in this case

3
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was the smallest and the melt extrusion temperature of 45

362° C was the lowest. Important improvements are
therefore achieved in operating state 3 compared with
operating state 2, both from the geometric and the en-
ergy aspect, the pressure build up length being above
halved and the melt extrusion temperature reduced by
16° C.

The fourth column shows an operating state which is
slightly different from the three preceding ones, with a
90 mm pitch which is suitable for this case. The

throughput rate was increased to 1200 kg/h, and the
speed of screw rotation also had to be increased for this

purpose but the pressure build up length and extrusion
temperature are still below the values obtained in oper-
ating state No. 1 with 120 mm pitch. Since the product

1s able to tolerate a melt extrusion temperature of 370°

'C, which is the temperature found in operating state
No. | but the extrusion temperature in operating state
No. 4 when the solution according to the invention is
applied is only 366° C in spite of an approximately 20%
increase in throughput, it may be expected that the
throughput could be increased to a value above 1200

kg/h before the melt extrusion temperature agam
reaches 370° C.
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Example 3 shows very clearly on one hand the previ-
ous state of the art already mentioned above, e.g. as
described by O. Armstroff and H. D. Zettler (3),
namely, the method of trial and error with repeated,
costly reconstructions of the screw and production
losses without any decisive guide lines for optimization,
and on the other hand clear advantage obtained when
making use of the solution according to the invention.

EXAMPLE 4

The triple thread two shaft screw extruder described
in Example 1 1s required to extrude a polyurethane
elastomer melt with dynamic viscosities at 190° C of
3000 poises at a deformation velocity of D = 0.6 1/sec,
1500 poises at D = 10 1/sec and 1100 poises at D = 100
1/sec at the end of a process against pressure difference
Ap of approximately 27 bar at a volumetric flow rate ¢
of approximately 50 liters per hour and a screw shaft
speed of n = 125 rev/min. The polyurethane elastomer
melt is at a temperature of 230° C. A screw with a pitch
of t = 90 mm is installed in the ejector zone of the said
extruder. It 1s required to measure the pressure build up
length L at the given pitch for the operative state de-
scribed above and to minimize it by using the solution
according to the invention. The data for this example of
optimization are summarized in the table below:

Operating state A B
Screw pitch t (mm) 90 30
Pitch ratio t/d 1.685 0.562
Volumetric flow rate q (1/h) 50.6 51.4
Screw speed n (rev/min) 125 125
Throughput coefficient  g/nd? 0.0443 0.0450
Pressure difference A P (bar) 27.4 27.0
Pressure build up length L (mm) 350 226

The pressure build up length L was determined by
means oOf three pressure gauges installed in the pressure
build up section and found to be L = 350 mm for the
given pitch of 90 mm. The operating point A shown
above which is defined by the pair of coordinates for
t/d and q/nd?, is found when entered in FIG. 2 to be in
need of optimization since it lies far above the shaded
optimization area. When the solution according to the
invention is applied, the optimum pitch 1s found to be ¢
= 30 mm. This was then installed in the machine, and
when the pressure build up length was measured in the
new operating state B it was found to be reduced by
35% to only L = 226 mm. |

EXAMPLE 5

The pumping problem described in Example 4 is now
required to be solved for a different screw speed,
namely, n = 75 rev/min, still using the same melt and
the same triple thread two shaft screw extruder. The

shortest possible pressure build up length, in other
words geometrical optimization, is again required. The

temperature of the polyurethane elastomer melt is in
this case 226° C. All the data for this optimization exam-
ple are shown in the following table:

- Operating state C D E
Screw pitch ) t (mm) 30 45 90
Pitch ratio t/d 0.562 0.843 1.685
Volumetric
flow rate . q (I/hy 514 52.0 50.6
Screw speed n (rev/min) 75 75 75
Throughput |
coefficient q/nd’ - 0.0750 0.0759 0.0739
Pressure ~ -
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| _ -continued
Operating state C D E
difference A P (bar) . 270 270 27.0
Pressure | )
build up ._
length L (mm) 476 278 418

At the beginning of the experiment, the pitch of ¢ = 30
mm which was optimum for Example 4 was still in-
stalled. In the new operating state C with n = 75 rev/-
min (but otherwise practically the same data for ¢ and
Ap as in Example 4), the new pressure build up length
was found to be L =476 mm. This operating point C 1s
entered in FIG. 2 with the new, larger throughout coef-
~ ficient of ¢/nd? = 0.075, and therefore lies outside the
- shaded optimization area due to the fact that the new
g/nd3value is greater by 67% than at point B. Operating
point C can therefore be improved in accordance with
the invention. Since point C lies below the optimization
area, a larger pitch is now for the first time more advan-
tageous, in contrast to the previous examples 3 and 4.
According to FIG. 2, the optimum pitch for the operat-
ing state characterized by ¢/nd3 = 0.075 1s 45 mm,
which was realized at point D and resulted in practice in
a pressure build up length of only L = 278 mm, so that
saving in length of 42% was achiéved.

In addition, a pitch of # = 90 m which at this time lies
above the optimization area in FIG. 2 and is therefore
unsuitable was used for the given throughput coeffici-
ent. The pressure build up length in Experiment E then
increased to L = 418 mm a substantially larger value
than that obtained with the eptlmlzatlon procedure
described above.

Double thread multi-shaft screw extruders of the type
mentioned above, normally have higher ratios of depth
of thread hA/internal diameter of housing d then the
triple thread screw extruders discussed so far. This
arises quite naturally from the kinematic conditions in
response to the practical requirements for self-cleaning
screws and not too wide screw crests. Thus, the ratio
h/d in doulbe thread multi-shaft screw extruders is nor-
mally between 0.11 and 0.29 but again the ratio is nor-
mally constant within a screw extruder, as already ex-
plained in connection with triple thread multi-shaft
extruders. In the same way as in triple thread screw
extruders, the screw pitch 7 is again an easily variable
parameter and therefore suitable means for optimizing
the extruder in accordance with the criteria descnbed
above.

- The solution according to the invention was demon-
strated, as already explained above, by experiments
carried out on a triple thread two shaft screw extruder.

Since these experiments are very expensive and the
~ solution according to the invention provides an experi-
mentally substantiated basis, the procedure found ex-
perimentally for a triple thread multi-shaft screw ex-
truder was transferred on the basis of theorectical con-
siderations to double thread multi-shaft extruders. The
results are illustrated in FIG. 3. Here again a singl opti-
mization rule is obtained both for geometric optimiza-
tion and for energy optimization. For double thread
multi-shaft screw extruders of the type mentioned
above with a ratio of depth of thread to internal diame-
ter of housing of h/d = 0.206, the following mathemati-

cal function for f; was found for the optlmum pltCh ratio

(t/d)qp (see also FIG. 3):

(/D) = f (a/nd®) = 8.8212 - (g/nd’) — 18.414
(g/n )Zfi 31.668 - (g/nd)> 9/nd’)

12

Here again, in the same way as explained for triple
thread multl-shaft extruders, it is necessary to delimit an

- optimization area because it is impossible to realize
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every value for ¢ read off the graph or calculated in
accordance with the function f; since only standard
pitches which vary stepw1se are available. The optimi-
zation area in FIG. 3 is determined by the following
two limiting equations: Lower limit:

t/d = 0.7 - f; (¢/nd)

Upper limiting equation:
t/d = 1.8 - f, (g/nd>)

This optimization area also includes partially the
range of ratios of depths of thread to internal diameter
of housing of A/d is about 0.11 to 0.29 which is usual for
double thread screw extruders of the type mentioned
above, the smaller values for ¢/d in the optimization
area being preferable for larger ratios of h/d within the
given range while the larger relative pitches #/d are
preferable for smaller relative depths of thread A/d.

‘This is considered and made precise in the mathematical

- equation by using f instead of f; wherein
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h q
f(?’n.ds)= h/d (

Of course in view of the above mentioned reasons for all
h/d ratios there are also necessary optimation areas,
which are defined by the following limiting curves:

ST t
lower limiting curve: —~ =

o714 5

upper hmltmg curve: -d- = 1.8 f( ...JF..
. n-.

EXAMPLE 6

The appllcatlon of the solution according to the in-
vention to a double thread two shaft screw extruder 1S
demonstrated by the following example. ThlS 1S a theo—

retlcally derived example.

In a double thread two shaft screw extruder w1th
intermeshing screws rotating in the same sense, with the
internal diameter of the housing d = 32.0 mm, axial
distance between the two screw shafts of 25.8 mm,

- depth of thread £ = 6.6 mm (determined from the base

535

65

of the screw channel to the internal diameter of the
housing) in other words a ratio of h/d = 0.206, radial

screw clearance between crest of screw and wall of

housing =0/25 mm and clearance between the two

screw shafts, i.e. between the crest of one screw and the
base of the screw channel on the other shaft of 0.65 mm,
1t 1s requrred to transport silicone oil with a viscosity of
‘1 = 300 poises at 20° C against a pressure difference of

Ap = 3 bar at a volumetric flow rate of g = 26 1/h and
at a.screw speed of n = 110 rev/min. The extruder is
required to operate with the smallest pressure build up

length L and lowest driving power P, in other words it

is required to be both geometrically optimized and en-
ergy optimized.
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The non-dimensional throughput coefficient g/nd3 is
found in this case to be 0.12. According to FIG. 3 orthe
mathematical function f;, the optimum pitch ratio for
this operating state of the double thread extruder de-
scribed above is therefore t/d = 0.848, in other words
the optimum screw pitch is ¢t = 27 mm (operating point
I in FIG. 3). For this pitch, the pressure build up length
required for the pumping task defined above is assessed
from calculations to be L = 140 mm. Substantially
greater pressure build up lengths are determined theo-
retically for two other values for pitch which lie outside
the optimization area in FIG. 3, namely L = 200 mm
for ¢t = 18 mm (operating point II) and L = 190 mm for
t = 54 mm (operating point III in FIG. 3). The calcu-
fated net driving power for the optimum operating state
[ with a pitch of 27 mm is P = 30 W, for the operating
point II with a pitch of 18 mm, P = 45 W, and for the
operating state III with a pitch of 54 mm, P = 40 W. It
should be noted again that these calculated values for
the above mentioned double thread two shaft screw
extruder have been obtained by theoretically transfer-
ring the ratios measured on triple thread screw extrud-
ers.

The example clearly shows that the present invention
affords considerable advantages also for double thread
screw extruders of the type mentioned above.

All the examples show very clearly that as regards
geometric.optimization and energy optimization partic-
ular importance must be attached to the correct deter-
mination in accordance with the invention of the pa-
rameter screw pitch ¢/diameter d. The aim of optimiza-
tion is achieved only when the value of ¢/d is strictly
associated with the given operating state which 1s char-

acterized by the throughput coefficient ¢/nd3. The solu-

tion according to the invention could also be shown to
be valid when transferred to a very large screw ex-
truder, an achievement which is still unattained by
other methods of calculation which have the same ob-
ject in view, see (3).

For convenience the prior art literature discussed
hereinabove has been identified by numerals and the full
indentication has been collected immediately hereinaf-
ter.
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Although the invention has been described in detail in
the foregoing for the purpose of illustration, it is to be
understood that such detail is solely for that purpose
and that variations can be made therein by those skilled
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in the art without departing from the spirit and scope of
the invention except as it may be limited by the claims.

What is claimed is:
1. A method of building up pressure within a material .

comprising using a multi-shaft screw extruder havmg a

plurality of screw shafts arranged to intermesh in pairs

and to rotate pairwise in the same sense, in which each

screw shaft of a pair has a double thread pressure
buildup section corresponding to that of the other
screw shaft, wherein the pressure buildup sections have
at least in part a ratio of screw pitch ¢ to the internal
diameter of the housing d within the range given by the
following relationships: - o

h _g9 _ |
d>07f(d, )

n-d3
t h _g
g <18 f(d S )
where ¢ is the volumetric throughput of material of a
screw pair, n is the speed of rotation of the screw shafts

and A is the screw thread depth, and:

f(l‘—, —ﬂ—)=_é_. ~a.(—"—3 )._
d n . d3 h/d _ n-d
' 3
—_— e
° (n-cﬁ i (n-d3 )
wherein
A = 0.206;
a = 8.8212;
b = 18.414;
and
¢ = 31.668

2. A method of building up pressure within a material
comprising using a multi-shaft screw extruder having a
plurality of screw shafts arranged to intermesh in pairs

and to rotate palrw1se in the same sense, in which each
screw shaft of a pair has a triple thread pressure buildup
section corresponding to that of the other screw shaft,

wherein the pressure buildup sections have at least in
part, a ratio of screw pitch ¢ to internal diameter of
housing d within the range given by the following rela-
tionships: |

J..._);
n-.d?

t h
3 >0'7'f(d'

where ¢ is the volumetric throughput of material of a
screw pair, n is the speed of rotation of the screw shatfts,
and A is the screw thread depth, and:

f(..h_ _._q__)=
d’' q.4d3
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wherein
A = 0.1082;

b = 69.111;

and

€ = 261.85.
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